find that the expression of classic type II cadherins decadherin genes distinguishes individual motor pools within the lumbar LMC. At rostral lumbar levels, individfines specific motor pools and provide in vivo evidence for their role in motor pool segregation. Type II cadherins ual motor pools are typically defined by the expression of more than one cadherin gene, and no two motor are also expressed by subsets of proprioceptive neurons, raising the possibility that these proteins have adpools exhibit an identical profile of cadherin expression ( Figure 1N ). ditional roles in the formation of sensory-motor connections.
Developmental Regulation of Cadherin Expression in Motor Neurons Results
Motor pool segregation occurs between HH stages 24 and 29, and we therefore addressed when the poolExpression of Type II Cadherins by Embryonic Motor Neurons restricted patterns of cadherin expression become evident. Two contrasting developmental profiles of cadhTo identify cadherin genes expressed by developing spinal motor neurons, we performed a degenerate PCR erin expression were detected in rostral lumbar LMC motor neurons. screen on cDNA isolated from HH (Hamburger and Hamilton, 1951) stage 35 chick spinal cord. We cloned 15
For one set of cadherins, MN-cad, cad-12, and cad-8, expression appeared to be initiated in most or all LMC cadherin genes that were dispersed throughout the major cadherin subfamilies (Nollet et (Figures 1E and subsets of motor neurons appeared to coincide with the segregation of motor neurons into discrete pools (Fig-1G-1J) ; the external Femorotibialis (eF) pool expressed high levels of T-cad, cad-6b, and cad-8 ( Figures 1H-1J) ; ure 2J). The coincidence in expression of cadherin and ETS the internal Femorotibialis (iF) pool selectively expressed cad-8 ( Figure 1J) ; the Iliotrochanterici (ITR) pool genes by motor pools led us to examine whether there is a functional link between the expression of ETS and expressed cad-7 and cad-6b ( Figures 1K and 1H ) and a low level of cad-8 ( Figure 1J) ; the anterior Iliotibialis cadherin genes. The onset of expression of ETS genes in motor pools is dependent on the limb target (Lin et (ITB) pool expressed cad-6b ( Figure 1H ) and a low level of MN-cad ( Figure 1G) ; the Hip-Retractor (HR) motor al., 1998), and we therefore examined whether the poolspecific profile of classic cadherin expression is subject pools expressed cad-8 and a low level of cad-12 ( Figures  1J and 1L) ; and the Sartorius (S) motor pool selectively to a similar regulation. To assess this, the expression of Er81, MN-cad, and T-cad was examined in embryos expressed cad-10 ( Figure 1F ; data not shown). We also performed dual color fluorescence in situ hybridization in which the hindlimb had been ablated unilaterally at stage 18 (Lin et al., 1998 expression, revealed similar levels of MN-cad exprespools because at rostral lumbar levels these are the only two motor pools that can be distinguished by the sion on the operated and control sides of the spinal cord ( Figure 2N Figures 3B-3E ). Electroporation Individual motor neurons were assigned to specific motor pools on the basis of Er81 and Isl1 expression, and resulted in high levels of expression of MN-cad, E-cad, and Cad-6b on the cell bodies, dendrites, and axons the pool identity of each of the five motor neurons that were located adjacent to the motor neuron under study of motor neurons (Figures 3B-3E ; data not shown). In functional experiments, we expressed cadherin cDNAs was scored. This index permits an analysis of the spatial relationship between two motor neuron subtypes that in a bicistronic vector, from which nuclear-targeted LacZ was also expressed, permitting the identification of neuis independent of the medio-lateral position of these neurons, and thus provides a quantitative measure of rons that expressed cadherins. Our analysis was restricted to embryos in which over 30% of LMC neurons the segregation of the two neuronal populations. In control spinal cord analyzed at stage 29, eF neurons expressed cadherins (mean incidence of ectopic MN-cad expression in LMC neurons was 46%; assessed by LacZ were surrounded almost exclusively by other eF neurons ( Figure 4A ), resulting in a neuronal mixing index that is expression; n ϭ 18 embryos).
The 
Motor neurons with a median motor column (MMC) identity were found interspersed with LMC neurons (Supplemental Figure S4E). A similar intermixing of MMC and
We examined whether the intermixing of A and eF neu-LMC neurons was not observed after expression of rons varied according to the status of MN-cad expres-MN-cad or ⌬MN-cad (data not shown). These findings sion in A neurons. As predicted, this analysis revealed provide evidence for the specificity of ⌬MN-cad function that A neurons were intermixed with eF neurons, but and also raise the possibility that certain classic cadhthere was no significant difference in the extent to which erins function in the segregation of motor neurons into electroporated and nonelectroporated A neurons mixed columns as well as pools. with eF neurons ( 2 : p Ͼ 0.05; comparison of data in Figures 4H and 4I) . We also observed that after MN-cad
Selectivity of Motor Pool Mixing misexpression, Isl1
ϩ Er81 Ϫ HR neurons (green neurons after MN-cad Expression in Figure 4B ) were interspersed within A neurons, a findAs a further test of the specificity of MN-cad in eliciting ing that we return to in more detail below.
A and eF pool mixing, we examined the actions of two other classic cadherins, E-cad and cad-6b. Between HH stages 24 and 30, E-cad is not expressed by LMC Expression of a Truncated MN-cad Isoform in A Neurons Promotes Intermixing with eF Neurons neurons (data not shown), and cad-6b comes to be expressed in both A and eF neurons ( Figures 1H and 1N ). Since ectopic MN-cad expression in eF neurons promotes their intermixing with A neurons, we considered Thus, ectopic expression of either of these cadherins is Figure 1N ).
MN-cad and ⌬MN-cad Misexpression
After MN-cad expression, a significant intermixing of A We also examined the influence of MN-cad and and HR neurons was detected ( Figures 4B and 7H) . The ⌬MN-cad on the segregation of eF or A neurons from intermixing of HR and A neurons, however, occurred neurons in other motor pools present at the LS1-LS3 independent of the status of MN-cad expression by HR level-pools that would not be predicted to acquire neurons. Thus, nonelectroporated as well as electroporequivalent cadherin profiles by manipulation of expresated HR neurons showed increased mixing with A neurons ( Figures 7I and 7J) . In contrast, expression of sion of MN-cad alone. We first assayed the effect of The segregation of spinal motor neurons into discrete motor pools typifies the nuclear organization of neuronal pression in HRP-labeled proprioceptive neurons. This analysis focused on the profile of MN-cad and T-cad cell groups evident throughout the vertebrate CNS. Type II cadherins are differentially expressed by neurons in expression in DRG neurons that innervated A, F, and S muscles, since the motor neurons that supply these specific motor pools over the period of motor pool sorting. Perturbation of the expression of one type II cadhmuscles differ in their profile of expression of these two cadherins ( Figure 1N ). We detected a significant, albeit erin, MN-cad, impairs the normal program of segregation of motor pools that differ selectively in the imperfect, correlation in cadherin expression by proprioceptive sensory and motor neurons that supplied the expression of this gene. We consider the implication of these findings to the contribution of cadherin-mediated same muscle target. A motor neurons express both MN-cad and T-cad, and we found that 62% of A DRG recognition to nuclear organization within the developing CNS. neurons expressed MN-cad and 93% expressed T-cad ( Figures 8K, 8L, and 8O) . eF motor neurons express T-cad but not MN-cad, and we found that 62% of the
A Role for Cadherins in Neuronal Segregation
Classic cadherins are a large class of vertebrate cell total population of F DRG neurons expressed T-cad, whereas only 29% expressed MN-cad (Figures 8M-8O) .
surface proteins and have been implicated in cell adhe- 
